ABSTRACT The crystal structure of GtACR1 from Guillardia theta revealed an intramolecular 7 tunnel predicted to expand to form the anion-conducting channel upon photoactivation (Li et al. 
Introduction

17
Anion channelrhodopsins from the cryptophyte alga Guillardia theta (GtACRs) are the most intramolecular tunnel formed by helices 1-3 and 7 that connects the cytoplasmic and extracellular 25 aqueous phases and presumably expands upon illumination to pass anions (Li et al. 2019 ).
26
However, no open channel structure is yet available, and many questions regarding its architecture 27 remain unanswered. In particular, a possible role of the second extracellular vestibule (Kim et al. 
30
The voltage dependence of the peak photocurrent generated by GtACR1 is virtually linear when 31 tested with symmetrical concentrations of the permeant ion species on the two sides of the 32 membrane . However, kinetic analysis of single-turnover laser flash-33 evoked photocurrents revealed two components with current-voltage relationships that show 34 rectification (i.e., deviation from linearity) in the opposite directions .
35
The amplitude of the fast component of the photocurrent decay exhibited outward rectification, We conducted a protein-wide carboxyl residue substitution screen to study the functional 43 consequences of mutagenetic modifications of the protein's electrostatic profile with pulsed 44 continuous light stimulation. As reported here, our screen revealed that mutations only of the 45 residues contributing to the intramolecular tunnel that we had detected in the closed-state crystal 46 structure of GtACR1 (Li et al. 2019 ) caused strong changes in rectification, which confirmed our 47 hypothesis that the pathway for anion passage is indeed created by expansion of this tunnel upon 48 photoexcitation. The acidic substitutions of the tunnel residues located to the extracellular side of 49 the retinylidene photoactive site cause inward rectification, whereas those of the residues located 50 to the cytoplasmic side of the photoactive site confer outward rectification.
51
To gain further insight into the mechanism of channel closing and rectification in GtACR1 we 52 performed quantitative kinetic analysis of laser flash-evoked photocurrents in several mutants with 53 glutamates introduced on the extracellular and cytoplasmic sides of the photoactive site. The data 54 showed opposite effects on both the relative amplitudes and the rates of the two channel closing 55 components in these two groups of mutants. This observation and the dependence of the effects on 56 the distance between the photoactive site and the introduced negative charge strongly indicate that 57 oppositely directed charge movements involving the photoactive site are involved in fast and slow Two of the four Glu residues conserved in the second transmembrane helix (TM2) of CCRs are 65 neutral residues in ACRs, most frequently Ala ( Figure 1A and B) . In GtACR1 these are Ala61 in 66 the cytoplasmic end of the intramolecular tunnel detected in the dark structure of GtACR1, and
67
Ala75 in the extracellular end. Previously we had shown that substitution of Glu for either Ala61
68
or Ala75 led to strong inhibition of photocurrents in GtACR1 (Li et al. 2019 ). These mutations 69 also caused strong rectification of the voltage dependence of the peak photocurrent (i.e., the current protein folding, which is difficult to distinguish from direct local effects on channel conductance.
95
We made Glu or Asp substitution mutants of 75 residues in GtACR1 and determined the 96 rectification index (RI) defined as the ratio of the peak current at 60 mV to that at -60 mV. The caused such dramatic reduction of photocurrents that the RI could not be determined. 
110
The black squares, mean; line, median; box, SE; whiskers, SD; empty diamonds, raw data 111 recorded from individual cells.
112
Distribution of the residues mutation of which showed statistically significant rectification within Met105, Leu108, Gly242 and Leu245) form the cytoplasmic portion ( Figure 3C ). Of all tested 123 residues outside the tunnel only replacement of Ser43 caused strong rectification (RI < 0.5).
124
Modest rectification (i.e. with RI between 0.5 and 2, but significantly different from 1) resulted 125 from Glu or Asp substitutions of several other residues (including Gln46 and Ser130) that do not 126 contribute to the tunnel in the dark state. Our interpretation is that mutations of these residues 
292
The models were created using the crystal structure of wild-type GtACR1 (6EDQ). The were performed using OriginPro 2016 software (OriginLab Corporation, Northampton, MA).
Materials and Methods
332
Batches of culture were randomly allocated for transfection with a specific mutant; no masking 
